
] ollmalofGlau%gy, 1nl. 44, ,\ 0, 148, 1998 

Stress and velocity fields in glaciers: Part 11. Sliding and 
basal stress distribution 
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ABSTRACT. Numeri ca l metho d s a re used to examine the interac ti o n hetween th e 
sp a ti a l di stributi o n o f the basal shear trac tion and the corresponding basa l 1'Clocit y fo r 
an inclined slab geom e try, In our imprO\'('d trea tment, we reject the commo n ass umpti o n 
that basa l I'eloc ity is a simple function o flocal I'a ri ablcs in fal 'our of a no n-local treatment 
tha t includes norm a l d e l'iatori c stress a nd ta kes basal I'e loc it y to be a n integ ra ted response 
to sp a tially , 'arying influences, Computa ti onally, onc must e ither itera te the basa l 1'Cloc it y 
w ith a fri ction pa ra m e te riza tion tha t re la tes basa l shea r tra ction to basa l \'e loc it y or, a lte r
na tilTl y, presc ribe the basa l shea r trac tio n that results fro lll bed decoupling a nd substra te 
d eformation, 

The average o f basa l shea r trac ti o n OI'Cr the entire bed of th e ice m ass is illl 'a ri a nt 
under changes in sliding di st ributi o n a nd thus constitutes a useful refere nce; a n)' loca l re
la ti\'(: reducti on o fu"acti on leads to basa lmOl'Cment , e ith e r sliding OI'C r the bed or mOl' ing 
with a deforming subg lac iall a),t'l', The loca l stress reducti o n is accompa ni ed by a concen
tra tion of trac ti o n up- a nd down-glac ie r of th e mOl 'ing base, Growth , d ecay a nd poss iblc 
mig ration of basal stress concentrations m ay be close ly re lated to short-lilTd sliding el,(, llt s 
a nd to surges, 

1. INTRODUCTION 

The rmomec hanical m odelling of g lac ie rs a nd ice sheets has 
become a n indi spensable tool for the int e rpretati on of field 
obse rl'a ti ons, Altho ug h thermal conditio ns, stra in ra te a nd 
th e genera l behal'io ur of a n ice mass can be modell ed to ac
cepta ble acc uracy, the (J ow contributi on of sliding sti ll 
awa its sati sfac to ry treatment. f\l os t studi es th at deal w ith 
sliding halT conce l1lra ted on the mic ro-scale, for exa mple, 
bed pro tuberances a nd th erm odyna mics (\\'eertman , 1979; 
a nd refe rences there in ), bed lI'aI' iness w ith or lI' itho ut pa r
ti a l ca\' ita ti on a nd wa ter press urc (T ken, 1981; Guclmund s
so n, 1997a, b; a nd refe rences th ere in ), Common to m os t o f 
these studi es is the ass umpti on tha t. th e rcpresenta ti, 'C 
roug hness elemenL is sp a ti a ll y peri odi c. 

Th e appli ca ti o n o f fri cti on laws in the sha ll ow-ice a p

prox im ati on obscures the crucia l po int that in glac ier s the 

loca l fl ow a nd basal w loc il y is not loca ll y defin ed, Fricti o n 

laws can be appli ed in hi gher- orde r fl ow models, but the 

hi g her-order equ a tio ns must be a ppli ed to ne\\' a nd co r

rected basa l bounda r y conditi ons th a t must be ite ra til'e ly 
me t. The applica ti o n o f a fri cti on law a lso feeds back to the 

stress fi eld a nd thus must be inc luded in the iter a tio n 
(HUll e r, 1983, cha pt e r I} Such rrini o n laws constitute a 

fun c ti o na l relati on be tweell basa l 1'C loc it y a nd o ther b asa l 

cond i ti o ns, such as stresses, wa tc r press U re and rough ness 

e lem e nts with or without eal'itati on, 
The treatm ent o f sliding in a nume rica l modcl faces the 

problem tha t sliding is determined by difTe rent p rocesses 

which ac t on I'a rious spa ti a l sca le leng ths, A numcrical m odel 

with a g il'en grid size must handl e a l'erage basa l conditi o ns 

th a t a rc not defin ed by the microscopic sliding law a lone. On 

th e mic ro-sca le, a Coulo mb-t ypc sliding ( Llihoutry. 19G8 
occ urs with a more or less l'C loc it y-inclepcnde lll fri ct ion co
effi cient. Sub-grid I'a ri ab i lit y of the fricti o n coefTi cicnt a nd 

res ista nce to sli d ing due to sub-grid topogra phic I'a ri at ions, 
or bo th toge th er, must be pa ra mctCl' ized fo r each gridpoint. 
HOWCI'CT, such sub-gri d pa tt ern s may be unlimited in th e ir 
I'a ri et)' a nd , thus far, onl ), a few simplifi ed situ ati ons halT 
been in l'es ti gated theo re tica ll y in deta il (Gudmundsso n, 
1997 a, b; a nd references t here i n), 

Fo r fri c ti onlcss sliding ac ting on the true base. a peri odi c 

topog ra phic I'a ri ati on with sinuso idal shape seems to g il'C a 
po\\'C r-l a w rel a ti on bet wee n aI'erage basa I I'eloc it y a nd 
aI'C rage basal shea r tran io n (G lldmllnd sso n, 1997 b, Fo r 

thi s ty pe o f sliding pa ra m e terizati on, bo th si iding 1'C loc it y 
and basa l shea r trac ti o n a re non-l oca ll y d e fin ed I'a ri ables 
in th e se nse th a t both depend not onl y o n loca l basal cond i
ti ons but a lso on the co nditi o ns in neig hbo uring a nclmore 
remote a reas, 

Sed iment beds may be sm ooth er th a n rock beds a nd 
lll ay be fl a t o n a scale leng th or mode lcd g ridce ll s. In such 
cases, the I'a ri abilit y of the Co ul omb fri c ti o n defines the 
sub-g rid pa ramCleri zati o n o f slid ing, Fric ti o n coeffic ients 
a rc th en no t dependent o n the basa l l'(' loc it )' but may \'a r y 
spati a ll y a nd tempora ll y w ith cha nging b asa l rou,ghness 
a nd hydra ulic condi t io ns, In th ese cases, basa l shea r trac 
ti on is loca ll y defill ed b)' loca l conditi o ns but th e baSil I 
1'C loc it y is stil l a non-loca l \'a ri able, 

Fric ti o n a nd sliding laws th ell1sc iI'cs a re no t th e topic of 
th e present paper, Thi s stud y illl'Cs ti gates the rela ti o n 
between the spati a l pa tt e rn o f basa l shea r traction a nd the 
spa ti a l p a tte rn of basa l a nd intern a l shea r - \\'ith emphas is 

on "spa ti a l pa ttern" for LOpographica ll ), fl a t bed s hal' ing spa-
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tial variations in the friction coefficient. The results demon

strate the important influence of deviatoric stress gradients 

on glacier flow in general a nd on the sliding p attern in p a r

ticul a r. The range of i nfl uence of spatial inhomogeneities at 

the bed is of the same order of magnitude as the hori zonta l 

ex tent of ave rage vall ey g laciers. This shows that localmeas

urements of sliding must be interpreted with a view to the 

mecha nics of the entire glacier. 
This paper makes explicit use of methods presented by 

Colinge and Blatter (1998). 

2. TEMPORAL AND SPATIAL VARIABILITY OF 
ICE-BED COUPLING 

Temporal vari ability in g lacier-flow rate occurs at time
scales that range from second s to centuries (Forbes, 1851; 
Meier and Post, 1969; Iken, 1981). Temporal variation in sub
glacial water pressure is the usua l suspected agent of this 
vari ability. 

Spatial variability is more challenging to observe, 
because it originates at the bed and is diffusively projected 
on to the upper boundary (Budd, 1971; MacAyeal, 1992; Mac
Ayeal and others, 1995). R ecel1l subglacial measurements of 
water pressure (Murray and Clarke, 1995), sliding (Blake 
and others, 1994), ploughing (Fischer and others, submitted 
toJournaL qfGLaciology ) and subglacial deform a tion (Iverson 
and others, 1995; Hooke and others, 1997) confi rm that sp a
tial variabili ty is significant over length sca les down to or 
below ~1 m Figure 1, showing subglacia l observations from 
Trapridge Glacier, Canada, il lustrates this point. Figure la 
shows summer 1992 water-pressure measurements from four 
sensors that have a typical sp ati a l sepa ration of ",5 m. Sen
sor 92 P06 is situated in a hydrau lically connected hole and 
registers a strong diurnal cycle with peak water pressure oc
curring in late afternoon. The water-flotation level in this 
region or the glacier is roughl y 63 m, so that several of the 
most pronounced peaks correspond to pressures sufficient 
to cause artesian outflow from the subglacial water system. 
Nearby sensor 91P14 displays the same diurnal oscillations 
as 92P06 but with at tenuated amplitude. In contrast, sensor 
91P13, which is situated in a region of the b ed that is not hy
draulically connected to 92P06, shows water-pressure flu c
tuations of opposite pola rity to those for 91P14 and 92P06; 
sensor 92P09, which seem s to represent an intermediate 
case, a lternates between in-phase and out-of-phase res
ponse. An explanation of this behaviour, involving the 
transfer of the ice-overburden support from one point to an
other, has been proposed by Murray and C la rke (1995). The 
main lesson, however, is that pronounced spatial and tem
poral variations in subglacia l water pressure can occur. 

Because ice-bed coupling is strongly influenced by sub
glacial water pressure, it is no surprise that the sliding and 
subglacial deformation rates are also spatially heteroge
neous. Figure Ib shows the summer 1996 measured sliding 
rate at two contiguous sites at the bed ofTrapridge Glacier. 
Again, the spatial sepa ration is ",5 m and a diurnal cycle 
can be discerned. The most striking feature of these graphs 
is that for several cases the peak sliding rate for 96SLOl cor
respond s to the minimum sliding rate for 96SL02. The ob
vious interpretation is that reduced ice- bed coupling (and 
thus a large sliding rate) at one site is compensated by 
increased ice- bed coupling a t other sites in order to main
tain overall stress ba lance. Simultaneous measurements of 
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Fig. 1. Evidence for spatiaL heterogeneity ofsubgLacial water 
pressure, sliding rate and subglaciaL deformation rate for 
Trapridge GLacier, Canada. (a) Measured subgLaciaL 
water -pressure records at Jour contiguous sites. ( b) N/easuml 
sLiding rate at two contiguous sites. ( c) Measured subglaciaL 
strain rate at two contiguous sites. 
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subglacial sediment deformation rates at nearby sites lead 
to similar conclusions. Figure le shows results from tilt cells 
96BG03 a nd 96B05, which are located within the same 
array as the sliding sensors. Diurnal variability is present 
but there is no correspondence b etween peak deformation 
rates for the two sensors. In summary, the observations 
beneath Trapridge Glacier reinforce the centra l theme of 
this paper: that the stress fi eld in the vicinity of the ice-bed 
contact is markedly heterogeneous and that thi s heteroge
neity adds unwclcome complications to sliding m echanics. 

3. BASAL STRESS AND VELOCITY 

3.1. Governing equations and b oundary conditions 

In thi s section, we develop the relation between basal shear 
traction, sliding velocity and the spatial extent of soft spots in 
the simplest case of a parall el-sided slab of isothermal homo
geneous ice. The derivations and discussion of the force
balance equa tions and stress- strain rate relations have been 
presented in Part I of this study (Colinge and Blatter, 1998). 

The geometry of the ice slab is defined by the upper free 
surface S == H and the basal surface B == 0 in Cartesian co
ordinates (x, z), with the x axis a ligned with the surface 
slope. The z axis and the direction of gravity include an 
angle D!. The non-dimensional force-balance equ ation and 
stress- stra in rate relations have been presented by Colinge 
and Blatter (1998), but here we only summarize the relevant 

https://doi.org/10.3189/S0022143000001970 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000001970


equatio ns co rresponding to the first-order approx imation, 
wh ich a re 

with the Oow law 

aT 00-
oi: = - 2 ox - I , 

ail -
oi: = 2AaFT, 

ail -
0 = - - AaFoox 

(1) 

(2) 

(3) 

(4) 

where 1', a a nd u a re th e shear stress, deviatorie norm a l 
stress and the longitudina l ve l oci~¥component, respectivel y, 
the constant rate factor A a, a nd ta is proportiona l to the in
\'erse o f the \'iscosity (= Ouidity) a t vanishing effective 
stress. The surface-boundary condition is 1'8 = 0 and at the 
base a sliding law must be imposed. 

The foregoing sca ling reduces the number of free para-
-2 

meters for a homogeneous slab to two, namely ta a nd Ao. 
The rate factor Aa is simply a mu ltiplier for the velocity fi e ld 
a nd the stress fi eld is indep endent of Aa, as long as Aa is 
homogeneous over the whole domain. This p ermits norm a l-

~) 

ization of the velocity fi eld for different choices of to and 
makes Aa a function ofi~, r educing the number offree para-

-? 
meters to the single parameter to' In a ll examples, wc take 
- ? to = 0.1 and Ao = 5/3 such that the asymptotic surface 
velocity 

_ (1 ~2 ) 
Us."" = Aa "2 + ta = 1. (5) 

The asymptotic stress a nd velocity profiles are defin ed as 
the so luti o n for the entirel y non-sliding sla b, i.e. the solution 
in the absence of or far away from any sliding p enurbations. 
With thi s assumption, the on ly fre edom res ts in the choice of 
the basal stress pattern over a chosen si iding area. In most of 
the subseq uent examples, the basa l shear traction was se t to 
zero with in the sliding zone. This is the most ex treme case 
a nd all other possible di stributions of shear trac ti on within 
the sliding a rea arc intermedi ate between this ex treme case 
a nd the non-sliding case. In thi s way, the relevant pallerns 
of basa l velocity and stress can be summarized with a rela
tively small number of model computations. 

To so lve Equations (1)-(3), we used the numerica l 
method presented in Pap er I for a parall el-sided slab. An in
finitely long plane slab is simul ated by connec ting the lower 
end of the finite-model domain of the sla b with its upper 
end. "Vith uniform basal boundary conditions, thi s produces 
a homogeneous so lutio n for the entire sla b; with non-uni 
form boundary conditions, thi s yields a (non-uniform ) per
iodic pa ttern with wavelength of the finite domain length in 
the long itudina l d irect ion of the infinite slab. If the inOuence 
of some internal inhomogeneity decays to zero towa rds th e 
end of th e doma in the m odel approx ima tes a n infinitely 
long slab. This is the case if the di sta nce of the sliding part 
from the bounda ry of the computed domain exceeds 
rough ly five times the ice thi ckn ess. 

I n Colinge and Blatter (1998) wc recogni zed that the 
elosure orthe bounda ry-value problem is related to the basa l 
sliding problem. The simplest basa l boundary condition is 
the non-sli p cond ition Ub = O. In the fo ll owing paragraphs, 
we invest igate the relation between the spatia l di str ibution 
of basal shea r trac tion a nd the resulti ng spatia l di stribution 
of basa l a nd interi or ice Oow. Only Oat-bed situ a tions with-

Blnl/n([nd others: Stress and velocityfields in glaciers: /J 

out a ny sub-g rid topographic variat ions are considered. 
Such situati o ns may occur in fast-sliding ice streams a nd 
under glaciers sliding over sed im ent beds. In these eases, 
spat ial variations in the fr iction coefficient may occ ur due 
to variatio ns in basal hyd ra uli cs a nd local qua liti es of the 
sediment itself. 

3.2. Flow over a single sliding spot 

Although the e ng lacial stress field is a ffected by the di stribu
ti on of basal movement, there is no possibility from surfi cial 
observat ions a lone of distinguish i ng whether this move
ment stems from sliding of the ice sole over the bed, fi-om 
dragging an underlying layer of deformable materi a l or 
both together. H owever, for convenience, the terms "s lid
ing" a nd "non-sliding" are used in the sense of "presence of 
basalmo\'em e nt" a nd "absence of basal movement", respec
ti\ ·ely. The term "basa l" refers to the so le of the ice, however 
sha rply this ean be defin ed. 

In an initi a l se ri es of numerica l experiments, we cal
culated the stress a nd velocity conditions in the vicinity of 
a n iso lated sliding spot in a n otherwi se homogeneous non
sliding slab. \ "ithin the sliding region, we prescribe a re
duced basal shea r traction 

(6) 

note that Tb. = 1 in the homoge neous non-sliding pan. 
The reductio n fac tor q = q(i) of the basal shear tracti on is 
a function of position in the sliding a rea and it represents the 
decoupling be t ween ice and bed. 

Only a sm a ll sa mple of situ a ti o ns is presented and these 
have been se lec ted to illustra te essenti a l features of the stress 
a nd \'Cloc it y field s across sliding spots. The sliding condi
tions a re spec ifi ed a t se\'en g rid po ints (Fig. 2), for which per
feC I slip, i. e. vanis hing basa l shea r traction is presc ribed. 
Thus, the tota l width of the slidi ng zone is abo ut 76.x a nd 
the assoc iated spatial patterns for stress a nd veloc it y a re re
soh-cd with scven g ridpoints. 

surtace LlX / Z 
~ 

1 

" , 
base m123c32 m x 

( ) 
non-sliding 

sliding 
non-sliding 

Fig. 2. l/ lus/mtion rif/ he vertical gridl ines and the conespond
ing Labels in the sliding part if the slabJor which velocity and 
stress jnifiles are shown ill Figures 3 and 4. 

The ve rti ca l profiles of longitudina l veloc ity U are shown 
111 Figure 3 fo r 6.i = 0.1, 6.i = 0.25 and 6.x = 0. 5. The 
profiles a long the vertical grid lines from the edge to the 
centre of the sliding spot are compared with the asymptotic 
profile. The exa mple with the sma ll es t spot size cl ea rl y 
demonstrates a bridging effect acro s the sliding spot due to 
-normal stresse . . Even with complete uncoupling of the ice 
from the bed , when Tb = 0, the slid ing ve locity rema ins 
strongly limited. With growing spot size, the bridging 
diminishes a nd the slidino- velocity increases. Figure 4 shows 
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Fig. 3. Vertical prqfiles qflollgitlldinal veloci~y above a sliding 
area ill all otherwise non-sliding ice slab, as shown in Figure 2, 
together with the asymptotic velocilJl jnqfile. The local reduc
tion Jactors of basal shear traction are 0.5 at the gridlines 
labelled I and 0.0 at all other gridlines within the sliding zone. 
The line labelled a shows the as.-ymjJtotic velociry prqfile. 
TIme examples are showl7 corresponding tn grid sizes 
6.£ = 0.1, 6..1; = 0.25 and !::" j = 0.5 measllred in units qf 
one slab thickness. The dashed jJrqfiles correspond to the last 
non-sliding position ( labelled m in Figure 2) adjacent to the 
sliding area; the dash- dotted, dash-trijJle dotted, long
dashed and solid lines correspolld 10 the positions labelled I, 
2, 3 and c, resjJective!J'. 
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Fig. 4. Vertical prqfiles qf shear stress in the sliding zone Jar 
6.£ = 0.5. The curves correspond to the gridlines labelled in 
Figure 2: m (dotted line ), 2 (dashed line ), c (dash- dotted 
line ) and to the asymjJtotic prqfile (solid line). 

the correspondi ng vertical profiles of shear st ress in the slid
ing area and in the transition zo ne between sliding and non
sliding in comparison with the asymptotic profile for 
6.£ = 0.5. The sliding veloc ity with 1\ = 0 is the largest pos
sibl e for a given geometric pattern of sliding. Any la rger 
va lue of basa l velocity would result in negative basal shear 
tranion, i.e. a shear stress acting to oppose the driving stress 
a nd produce inverse velocity profiles. Such a situation would 
be difficult to explain. These examples a lso demonstra te the 
ex tent to whirh the vert ica l profiles of deformation velocity 
a nd shear stress a re changed by spa tially variable sliding. 

The longitudinal gradiellls within the transition zone 
between sliding a nd non-sliding are limited. These trans ition 
zones suffer the largest stresses ill the basal layer a nd a re 
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Fig. 5. Longitudinal jn'qfiles qfscaled basal normal de1!ialoric 
stress if (dol/ed lines), basaL shear t}"(lclion T (dashed lines) 
and basal effective slress TelT (solid lines) for 6.i = 0.1, 0.2, 
0.3, 0.4 and 0.5. The prqfilesfor T and T~ff are Sjllnmetrical 
and the jmifilesJor if are anti-s..)lmmetrical with respect to the 
cent re qf the sliding area. 

therefore prone to structural failure, such as basa l crevassing 
under high static pressure. Figure 5 shows the longitudinal 
profiles for if, T and the effective stress Terr = J if2 + T2 for 
the five cases !::" i = 0.1, 0.2, 0.3, 0.4 a nd 0. 5. In all fi\ "C 
cases, th e basal shea r trac tion is se t to drop to zero over 
onc m esh size. The weak dependence of the stress compo
nents on 6.i suggests a n approximate simil arity rule: if the 
geometric patterns of basal shear traction in sliding areas 
are sin'lil a r, then the resulting stress components and stress 
g radients in the transition between sliding and non-sliding 
are only weakly dependent on the sp a tial extent (rep
resented by the grid size 6.x ) of the sliding a reas. The result
ing \ 'e!ocity gradients grow with the st ress components 
acco rding to rhe assumed fl ow law; thus, the \'Cloc ity com
ponents t.h emse h"es grow with increasing 6.£. 

The scaled driving stress (Whill a ns, 1987) is Td = 1 
ever yw here along the base of the slab. This dri\'ing stress is 
a measure of the total longitudinal force of gra\' ity per unit 
area acting on a column of ice. Driving stress o nl y depends 
on the geometry of the ice m ass and thus is independent of 
the fi elds of shear stress a nd norma l stress. Thc resistiye 
force acting against basal dri ving stress is the basal shear 
traction . Howevcr, these forces a re not ba lanced locall y but 
must ba lance over the enti re bed. The average of the basal 
shea r trac tion O\'er the enti re bed equals the average of the 
basa l driying stress ove r the entire bed, a nd thus is a n invar
iant that onl y depends on the geometry of the g lacier. 

This relation was used to test the acc uracy of the numer
ica l so lutions for which we found that the average shea r 
traction, which should average to unity, generall y matched 
this value to within 2%. Accordingly, the longitudinal aver
age of the normal de\ 'ia toric strcss must vanish. This d earl y 
shows the interpl ay between shear stre s and normal stress. 
Within sliding areas, shear stress is reduced; however, the 
normal stress transfers the driving forces to the transition 
zone between sliding and non-sliding. Just outside the slid
ing a reas, additiona l la rge shear stress is built up. This de
monstrates the pulling and pushing streng th of the interi or 
layers tha t enables the sliding velocity in o ne a rea to respond 
to the presence of neighbouring non-sliding areas and to 
other m ore remote sliding areas. 
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The frac ti on of sliding \ 'eloc' it y that is tra nsferred to the 
surface a lso depends on th e spot size. " re d efin e thi s fraction 
by 

j
. _ Us - us.x 
s - ... 

llh 
(7) 

where iib and U, a re the sliding and surface \'C locit )' in the 
centre of the sli d ing a rea, respec ti\'e!y, a nd 'Li,.x is the 
asymptotic surfa ce velocity (= 1). This frac ti o n ta kes \'alues 

i, = 0.13, 0.36 a nd 0.69 for 6.i = 0.1, 0.25 a nd 0.5, respec
ti\Tl)', a nd j , approa ches unit )' for la rge 6. i . Th is result re
minds us to be cautious in interpreting obse r ved seasona l 
\'a riations in the sUJ-racc veloc ity of glac ie rs. Thc difference 
be tween lowest a nd peak velocities only indicates cha nges 
in basa l ve locity somewhe re nea rby. The slidi ng does not ne
cessarily occur belo\\' the pos ition of the obsen'a ti on and the 
changes in sli d ing I'elocity m ay be as la rge as o r elTn la rge r 
th a n the obserlTd pea k ve locit), itself. 

3.3. Spatially periodic series of sliding spots 

1 n a second series of nume rical expe riments, liT assume a 
spat ia ll y p e ri odic patLern of sliding and no n-sliding zones. 
Tnthe sliding parts, basal shea r tranion is se t to zero a t a ll 
corresponding gridpoints to yield a tota ll y uncoupled bed. 
The pa ttern is defined by the leng th of the sliding zone L 
a nd the a real fract ion of slid ing 0, i. e. the rati o of the leng th 
of th e sliding zone to th e tota l leng th of the period ica ll y re
peating region. 

In these ex perim ents, the ex tent of the sliding a rea was 
a lways taken as ten gridpoints, with an area l fract ion of si id
ing 0 = 10/ N, where N is the LO ta lnu mber o f grid point s in 
onc pe riod. The length of the sliding zone thus becomes 
L = 106.i: . The sliding p a tterns are presented fo r the do
ma in in th e pa rameter space {(er, L ) 10.1 :::; 0' :::; 0.67 a nd 
1.0 :::; L :::; 5.0}. 

The ra ti o between the d ifference of m ax imum surface 

I'cloc it y 'U S.J11i1X a nd minimum surface \'cloc it y U s. 1JliJl within 
a g il'C n sp a ti a ll y pcriodic region and th e max imum basa l 

l 'C loc it y Ub.1I 1ax is denoted by 
- -
U - 1L' 

J - :-'.max :-'.lll lll . 

P - - . 
LLIJ , IIIH X 

(8) 

it represents th e max imum sliding \'e!ocity expressed as a 
fract ion of th e variat ion of th e surface ve loc it y. Fig ure 6 de-
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Fig. 7. Basal l'elo(i{l' ill the centre qfthe sliding mea as ajllllc
tioll of thl' IlIlcoll/Jling Jactor 1 - q Jor all area )i'action 
a = 0.2 alld Iet/gth of the sliding area L = 2.5 ( dolled line), 
o = 0..+, L = 2.5 ( solid fille), (t = 0.2 alld L = 1.0 ( dashed 
line ). 
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picts th e dependence of fp on nand L. The streng th o f lhe 
loca l sliding s ig na l d ea rl y fades as area l fracl io ns Cl a nd the 
sliding a rca L become smaller. The bridging becomes stron
ge r with sm a ller sca le leng th o f the basa l patch iness, a nd 
onc can aga in a nti cipate th a t the informat ion o n the cli st ri 
b ~lti on of basal cond itions is substantially diffused a nd rfTrr
til'ely lost a t the icc surface. 

In onc se ri es o f numerica l experiments, the co upling fac 
lo r q (Equation (6)) betwee n ice a nd bed in the sliding area 
was \'itri ed bet weell ze ro (to ta l u ncoupl i ng) and un i ty (non
sliding). The co nsequent sliding-\-eloc it y I'a ri a ti o n is closcly 
proportiona l to 1 - q for a ll computed cases (Fig. 7). This 
res ult prm 'ides a n additi onaljustificati on for limiting the in
ITstigati on of sliding pattern s to the ex treme case o f tota l 
uncoupling, q = 0, since a ll o ther cases a rc intermed iate 
betwcen the tOlal uncoupling a nd tota l non-sliding co ndi
ti ons. 

Figures 8 10 prese nt results fo r the case of tota l uncou
pling and g ilT the sliding a nd stress paLle rn s as fun c ti o ns of 
Land 0. Fig ure 8 shows the d e pendence of the sliding 
I'eloril y in the center 0 [" the slidi ng a rea on lhe size o f th e 
sli ding spot fo r a sample of areal fract ions n . As expected, 
th e sliding \T loc it )' increases w ith increas ing size o f thc af
fected a rea. \\,ith sma ller 0', th e di stance between adjacent 
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sliding areas g rows a nd thus the bridging between slid ing 
spots becomes weaker and sliding velociti es are reduced. 

Figures 9 and 10 explore the basal stress concentration in 
the transition area. The square of the effecti\'e stress T~ff (sce 
Fig. 9) is a measure of the st rain soft ening of the ice, a nd ad
ditionall y indicates the possibility fo r frac turing (e.g. by 
assuming a failure criterion). For n = 3, the fourth power 
of the basal shear traction (Fig. 10) is indicative of the o rder 
of m agni tude of basal strain heating. These stress values 
increase with g rowing areal fraction a. This is consistent 
with the previously discussed invariance of the longitudina l 
average of the basal shea r traction . In a periodic p a ttern, 
thi s average is unity over one period. ' t\Tith increasing a, 
the a rea avail abl e for the compensation of the zero trac tion 
in the sliding part becomes smaller and therefore must sup
port a la rger trac tion than for sm all a. The weak dep en
dence of the stresses on L again refl ects the above
mentioned approx imate similari ty rul e. 

3.4. Haut Glacier d' Arolla 

A numerical experiment was conducted with the two-di
mensiona l (longitudina l secti on) geometry of Ha ut Glacier 

10 
T2 ex = 0.67 

eff,max 

4 

8 0 .59 

- 0.5 
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L 

Fig. 9. Maximum qf the square qf iffective stress in the trans
ition zone between the sliding and non-sliding area as afunc
tion qf the size qf the sliding area for the spatially periodic 
pattern and various area fi'ac tions a . 
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Fig. 10. Maximum qf fourth power qf basal shear stress in the 
transition zone between the sliding and non-sliding area as a 
function qfthe size qfthe sliding areafor the s/Jatially periodic 
pattern and various areaJractions a. 
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d'Aroll a, Switzerl and (Fig. 11). The fi rst run ass umed no slid
ing throughout the leng th of the profil e. This yields the 
basal shear traction fo r full basal coupling. In the second 
run, some uncoupling a t a g iven section in the lower part of 
the profil e was introduced. The local non-sliding basal 
shear traction was set to zero to simulate perfect sliding. 
The stress and veloci ty fields were then computed by 
assuming the mixed basal boundary condition, zero basal 
velocit y in the non-sliding pa rts and the reduced shear trac
tion in the slidi ng zone. 

The stress and velocity fi elds in the realistic glacier geo
metry show the same pa tterns as in the sla b solutions (Figs 
12 and 13). From the rcsul t, it is again clear that a locally 
obscrved vari ation in surface velocity only refl ects the fac t 
that the sliding velocity has changed somewhere along the 
glacier bed . The obse rved change of the surface velocity 
does no t straightforwardly indicate the position or the 
change in the velocity of sliding. 

It is noteworthy that the average f of the basal shear 
traction over the enti re length of the glacier profil e is almost 
the same for both case; f = l.2365 for the non-sliding case 
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Fig. n. Longitudinal section qf Haul Glacier d'Arolla. x de 
notes the horizontal distance from the top cif the prqfile in 
metres; h is the altitude above sea level. 
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Fig. 12. Horizontal velocity component in a longitudinal sec
tion qf Haut Glacier d'Arollafi'om the top (lift side) to the 
tongue qf the glacier (right side). The line labelled ns shows 
the surface-velocity distribution for t/ze non-sliding case, the 
line labelled sl shows the surface velocity for a situation with 
a sliding zone where total uncoupling is /Jrescribed (see Fig. 
13) and the line labelled sb shows the corresponding basal 
veLocity. 
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Fig. 13. Basal shear traction ill the longitudinal section qf 
Haut Glacier d'A1"Ollaji"om the top (lift side) to the tongue 
qf the glacier ( right side). The line labelled ns shows the 
shear tractioll Jar the non-sliding case, the line labelled si 
shows the shear traction Jar a situation with a sliding <.one 
where uncoupling is prescribed as shown by this Jigure and 
the dotted line shows the driving stress. The surface inclination 
corresponds to an average over 50 m ( two gridcells) ill all 
calculations. 

a nd f., = 1.2352 for the case with the sliding area. The 
difference li es in the round-off error of the computatio n 
due to the specified stopping criterion for the iteration. This 
invariant, denoted TeI, quantifies the tota l driving force o f 
gravity o n the ice mass and thus must a lso corres pond to 
the average ove r the bed of the so-call ed dri\·ing stress 
Td = pghS' (Whill ans, 1987), where p, g, h a nd 5' arc the 
density o f ice, the acceleratio n of gravit y, the loca l ice thick
ness a nd the local surface inclination, res pec tively. It must 
be noted that the above observed inva ri a nce of the mean 
basal shea r tract ion (ave raged over the e ntire bed ) is not 
pro\·en r igorously in mathem atical terms, a lthough it is phy
sically obvio us (personal communicati on from H. Rbth li s
berger, 1997). In contrast, the loeal driving stress de\·iates 
substanti a lly from the local basa l shear traction, a fact tha t 
reflects the i nti mate interaction between shea r stress and 
normal stress. 
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Fig. 14. Effict qfgrid resolution on the calcula ted longitudinal 
average qf the basal shear stress (sol id line) and qf the basal 
driving stress ( dashed line ) Jar the non-sliding case and the 
prqfile qf Haut Glacier d'Arolla. The grid si<.e ,6.x is given in 
metres. The dOlled line indicates the exact (i.e. comjJlltedJor 
very small ,6. x ) average qf the basal driving stress. 
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The average dri\·ing stress can be computed from the 
gi\·en geom e tr y a lone, indep endentl y of a ny numerical 
solution. For thi s reason, the longitudinal average of the 
basal shea r traction yiclds a n acc uracy test for the numeri
cal solutions of the higher-orde r equations. Figure 14 shows 
the average of the basal shea r tracti on T for the non-sliding 
situation as a fun ction of the grid resolution ,6. x, together 
with the corresponding ave rage of the driving stress Tel. For 
the spec ific geometry of H a ut Glac ier d'A roll a, TeI decreases 
almost linearl y with increasing ,6.x. The mode l so lution, on 
the other hand, produces a more constant T over the same 
ra nge of ,6.x, a nd this T corresponds within 2% to the Td 
for ve ry high resolution, i. e. for very small,6.x. 

3.5. Three-dimensional effects 

The three-dimensional dimensio nl ess force-ba lance equa
tions for a para llel-sided slab a re (Blatter, 1995): 

aii.r .r aii yy ai.ry aTr : 
2~+~+-;::;-:::-+~= -1. 

u X u x uy u Z 
(9) 

2 aii yU aii.r.r aTJ •y aTyz - 0 
ay + ay + ox + 02: - (10) 

with the x ax is a ligned with the steepest surface slope, and 
the stress stra in-ra te relati ons are 

where 

ail, - -
02: = 2AFT.rz1 

aiJ - -
02: = 2AFTyz . 

aii - -
a.i = AFii.r.r , 

av - -
ay = A Fiiyy , 

aiL ab - -,;,_ + ,;,_ = 2AFT.ry 
uy u:r 

F- -2 -2 - - -2 -2 -2 t-2 
= (J.r.T + (J yu + (J.r.r (J !l1J + Tr z + T y= + Try + 0 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

constitutes a presc ribed now law fo r the fluid under consid
erat ion. The bo undary conditi o ns a t the free surface a re 
T.,.=(S) = Tyz(S) = 0; the basa l boundary conditio ns in the 
non-sliding pa rts are u(B) = v(B ) = O. In the following nu
merical res ults, vanishing basal shea r traction is prescribed 
within the sliding parts a nd th e sliding velocity emerges 
from the model computa tion. 

10 study the influence o f side drag, three-dimensiona l 
m odel computa tions were ca rri ed out. The multiple-shoot
ing J\ewton iteration sc heme in three dimensio ns requires 
large memor y a nd long computat ion time. Therefore, with 
the presently available code only about 20 x 20 gridpoints 
can be handled with reasona ble p erforma nce o n worksta
tions. BeLL er li near algebra, adj usted to the spec ific form of 
the probl em , a nd a faster way to so lve the la rge linear sys
tems oC the New ton iteration sch eme could substanti a ll y re
duce hardware requirements and computat ion time. Such 
inves tigations a re eurren tl y unde r way (paper in prepara
ti on by]. Colinge ). 

The three-dimensiona l slab is "c losed cyclica ll y" in the x 
a nd y directions, i. e. in the directi on of steepest slope and 
tra nsverse to it. This produces a periodicit y in two dimen
sions simila r to the one di sc ussed in secti on 3.3 for the 
plane-now case. H ere, we chose 15 g ridpoints in the x direc-
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tion and 15 gridpoints in the y directio n, with a grid size of 
~x = ~y = 1.0. The length (x direc ti on) of the recta ng u
la r sliding area was taken as 10 gridpoints, and the trans
\'e rse size was \'a ried between a ll 15 g ridpoints and three 
g ridpoinrs. The first case co rresponds exactl y to the pla ne
strain situation, with a rea l fraction 0: = 0.67, and the three
dimensiona l computation produced a lmost exactly the 
same res ulL as the pla ne-slab model. Figure 15 shows the .. 1: 

components of surface a nd basa l velocit y a long a long itudi
na l (x direction) profile through the middle of the sliding 
a rea fo r different transverse extents of the sliding recta ngle. 
As expec ted, with decreas ing width of the sliding a rea, the 
influence of side drag increases and the res ulting sliding 
veloc ity decreases. 

A few computa tions for infinitely long channel-like slid
ing areas were performed to investigate the influence of side 
drag a lone. The length of the sliding a rea was taken as that of 
the full 15 point x domain and the sliding width \I'as va ri ed 
from fi ve to nine gridpoints. For these cases, the sliding 
velocities g row very la rge (comparable to surging \'eloc ities ), 
if the width of the cha nnel exceeds roug hl y five times the ice 
thickness (Fig. 16). For ice streams tha t a rc wide compa red to 
ice thickn ess, lateral drag exerts a negli gible restraint on 
sliding \·eloc it y. Other limiting factors a rc a generall y la rger 
basal drag and isola ted sticky (i. e. non-sliding) spots within 
a m ostl y uncoupled bed. 

The a real average of the basal dri ving strrss in the X' di
rection is 7\ = 1.0 (see a lso section 3.3) a nd \'ani shes in th e y 
direction. Thus, the a real average of T.I' Z.H\· = 1.0 must be 
the same for different sliding patterns a nd co rrespondingly 
Tyz.U \ · = O. In the numerica l experimems lI'ith a coarse 
15 x 15 hori zonta l g rid and 12 layu s in the vertica l, this a\'er
age deviated by as much as 10 % (i'om unity. This inacc uracy 
stem s from the gridpoints just up- and downstream of th e 
sliding a reas, where stress peaks ar e pa rtl y truncated in the 
numerica l computations. 

4. DISCUSSION 

4.1. Spatial scales and sliding 

Th e sliding velocity can exhibit la rge spati al and tempora l 
va ri a tions. The patchiness of soft (i. e. sliding) spots seem s to 
(allow the basal drainage system (H a rbor and others, 1997) 
a nd its scale leng th va ri es from much ma ll er than ice thi ck
ness to several times the ice thickness. This natura l unit of 
one ice thickness provides a conveni ent measure for explo r
ing the bridging eITect due to normal devi atoric stress. The 
results for spati a lly periodic sliding/non-sliding conditions 
in the slab indicate that a di stance of 5 10 times the ice 
thicknesses is necessary to uncouple the a\'erage sliding 
velocity over one period from th at of adj acent period s. For 
typica l va lley glaciers, 5- 10 times the ave rage ice thickness 
is comparable to the transverse extent of the glacier tongue 
as well as to a considerable frac tion of th e tota l length. Such 
di sta nces a rc significaml y la rge r than the obsen 'ed sca le of 
basa l patchiness; thus, at these scale leng ths. a sliding a rea is 
responding to conditions beyond the immedi ate neighbor
hood of the sliding region. 

Bridging affects sliding in severa l ways. (I) It limits the 
sliding velocity in soft spots by holding the ice between the 
non-sliding bridge piers. (2) It m akes the sliding veloc ity 
strongly dependent on the size of the so ft spot. (3) It reduces 
or eliminates the influence of bridged ha rd spots, efIcc ti vc ly 
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Fig. 15. Sliding and sU I/ ace velocities in a three-dimensional 
paraLLeL-sided slab with maximum inclination in the direction 
of the x axis. Shown are longitudinal prqfiLes qf surface and 
basal velocity components in the x direction fo r Longitudinal 
sliding frac tion al = 0.67 and various transverse widths of 
the sLiding rectangles. Horizonta! grid size is 6.T = 
~y = 1 in units ofslab thickness. 

increas ing the size and importance of neighboring soft 
spots. As a result, sliding in \'all ey glac iers is a demonstrably 
non-local process in which the mechanics o f bridging plays a 
centra l role. This conclusion also holds in the case of reali stic 
three-dimensional ice m asses that may have complex topo
graphy, complex basa l coupling patterns a nd spati ally va ri
able rheology introduced by varying temperature or water 
content. l ee streams seem to ha\'e large sliding a reas that a re 
locall y interrupted by isolated sticky spots (MacAyeal, 
1992), whereas \'a ll ey g lac iers may have a predominantl y 
rough a nd resisti\'e bed that is loca ll y decoupled a long sub
glacia l dra inage pathways (personal communication from 
NI. Sh a rp, 1996). 

The spatial vari abil ity of sliding and the corresponding 
basa l stress fi eld has consequences for the interpretation or 
field obsen 'ations and fo r the experimenta l determinati on 
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Fig. 16. Sliding and swface velocities in a three-dimensionaL 
paraLLeL-sided sLab with maximum inclination in the direction 
qf the x aris. Shown are transverse prqfiLes qf surface and 
basaL velocity components in the x directionJo r a Longitudinal 
irifinite sLiding channel and variolls transverse widths of the 
channel. Horizontal grid size is 6 i = ~y = 1 in units of 
sLab tiz ickness. 
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o f fricti on laws, en ' n if the sliding veloc ity is measured di

rec tl y. The m aj o r difTi culty is th e imposs ibility of measuri ng 
stress components di rec tI y. Ind i rect d e termi nati on o f the 

basa l shear trac tio n requires acc ura tc meas ure m c nt o f 

n ca r-basal stra in ra tcs a nd reli a ble kn owledge of the fo rm 
o f the now law a nd cor res ponding rheo logica l pa ra m e te rs. 

Th e often- used basa l driving stress is a p oo r approxim at io n 

to the basal drag a nd thus a poor surrogate fo r basa l sh ea r 
trac ti on. This is esp ecia ll y true in a reas \I'here sliding condi

ti ons y ield a shear trac t ion tha t decr eases with increas ing 

sliding I'clocity, whi le d ril'ing stress re m a ins unaffected. 

Fu rt hermore, the vali d ity of p roposed nOI\' la ll's a nd 

their usefulness fo r indirec t determina tion of stress compo
nents must be ques ti o ned . Basa l ice tha t nO\\·s thro ug h a 

regio n of patchy conditio ns with sm a ll sp ati a l scales unde r
goes rapid changes in stress; the assoc ia ted ice-defo rma ti o n 

cha nges on time-sca les o f days to ho urs. The stress ch a nges 

a rc m a inl y assoc ia ted w ith th e la rge g ra dient of the d Tectil 'C 

stress, which lead s to la rge stress ra tes (ra te of change of e f
fec til'e stress ) as we ll as to cha nges in the di rec ti ons o f the 

principa l stresses w hich rotate at th e tra nsiti on from n o n

sliding to sliding a nd v ice ve rsa. 

4.2 . Sl idin g in h igh er-order mod els 

Fi eld ex perim ent s tha t il1l'Cs tigate basa l slid ing and fr ic ti o n 

laws need to be complemented by hig her- order mod e ls o f 

g lacier mechanics. I nforma tion on th e spati a l di stributi o n 

of sliding co nditi o ns is a necessa ry m od e l input. I n re turn , 

the m odel res ults m ay then suppl y a n approx im ate stress 
field a nd ca n thus he lp to co nstra in fri c ti on-l aw pa ra m e te rs. 

The stress a nd l 'C loc it)' fi elds in g lac ie rs a re determined 

l> y th e foree equa ti o ns, m ass-continuit y equ ation a nd the 
st rcss~stra in-ra te r el a ti o ns (e.g. H utt e r, 1993). The bo und a r y 

co nditi ons a rc vani shing shea r trac ti o n a t th e free SUI-face 

a nd a combina ti on o f the I'e loc ity a nd/o r shea r trac ti o n 

a long th e g lacier bed. Fo r non-sliding conditi ons, th e basa l 
shea r trac ti on is unknown a nd must be determin ed it e ra 

til·ely. i\li xed basal bo unda ry co nditi o ns m ay be presc ribed , 

such as basa l (or zero ) "eloc i t)' a t som e pa n s of th e b ed a nd 

basa l shear trac ti o n a t the res t orthe b ed. Iterative solutio n 
o f the eq uati ons th en yie lds th e basa l shea r trac ti o n a nd 

basa l ve loc it y in the resp ec ti" e oth e r pa rts orlhe bed. Fro m 
these cons iderati ons, we conclude th a t for nUlll erica lmod e l

ling th e basa l shea r trac ti on is th e a ppropriate meas ure o f 

the basa l "drag fo rce". 
\ Vc noli' inves ti ga te a meth od fur es tim atin g b asa l 

n: locit y from the basa l shea r trac ti on tha t ca n be suppo rted 
by the bed. Our a pproach is to introduce a local stress re
d ucti on a t th e bed , e ither ca used by d eco upling be tll'Cc n 
ice a nd hed or hy d raggi ng a so ft defo rma ble layer o f m a te
ri a l beneath th e ice, o r both . thus reduc ing the loca l basa l 

shea r tract ion 7\.sol'l to a frac tion q oflh e tract ion 'TJ,.hani in 
th e no n-slid ing case 

( 17) 

w here 0 < q < 1. Once the basa l bo unda n ' co nditi o ns a re 

g il 'C n (zero veloc it y in th e non-sliding pa rt s and reduced 
basa l shear tract io n in the sliding a reas ) the st ress a nd 
I'e locity fi elds a rc we ll d c fin ed. The sliding l 'Cloc it y ca n th e n 
be computed with a m echa nica l m od e l which, among o the r 
things, ca lcul a tes dev ia to rie stress g radi ents. 

In a numerica l implemenlati on o f thi s co ncept, th e co u

pling facto r q cha r ac te ri zes the mec ha nica l co upling fo r a 

gr idcell centred a t the g rid point unde r considerati on. Thi s 
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conce pt is ce rta inl y pro bl em a tic, as a ll conce pts of sliding 

laws a rc difficult to co nstra in, a nd its a pplicability is re

stric ted to glacier bed s tha t a rc smooth o n sca le leng ths o f 
the g rid resolution. Fo r complete uncoupling, q = 0 a nd 

the upper limit on sliding ve locit y for give n a basa l pa tchi

ness o f soft and hard sp o ts ca n be estim a ted . This prOl' ides a 
rea li stic control on th e range of pl ausibl e basa l velociti es [o r 

gil'e n basa l patchin ess - likely a bette r o ne th an tha t 

obta i n ed by applying a loca l fri cti on law with poorl y con
stra ined coefTieients a nd exp o nents. 

The n a ture of basa l stress reducti on a nd the parame te r

izati o n o f the re lel'ant phys ical processes lies beyo nd the 

scope o[this paper. It can b e a nti cipated th a t q is a fun cti o n 
of wate r press ure. Othe r fac to rs th at may influence q include 

basa l ro ughness and stress-e nhanced fl ow a r ound obstacles 

(Weertm an, 1957), whieh m ay ma ke q de pendent on the slid

ing l 'Cloe it y itsel f; I'ari a ble therm al conditi o ns, e.g. patchy 
eold a nd temperate so le conditions, a nd the rheological 

prope rti es of th e substra te. \ Ve ea nnot ex p ec t th at th e co u

pling factor q is solely d e termined by loca l b asal conditi o ns. 

4.3. Basal stress a nd transition to s u rge 

The il1l 'a ri a nt al'C rage o f the basal shear trac ti on (sce sec
tions 3.3 a nd 3.+) constra ins the bounda r y conditi ons and 

indica tes tha t th e completely non-sliding case prOl· ides a un

ique re fe rence. The no n- sliding shea r t rac ti on gives the 
lower limit of th e trani o n th a t must be supported by the 

bed to m a i m ain non-sI id i ng. Lf a g i,c n region of the bed 

cann o t support thi s minimum trac ti on, then sliding Illust 

occur a t thi s positi on. accompa ni ed by a local red ucti on o f 

th e shea r trac tion a nd a co rres ponding inc rease in the trac
tion in its neighbourhood . 

Sliding ca n nel'enhcless occur in places w here th e shea r 
trac ti on exceeds the a bOlT-dcfin ed refe rence. I n an a rea o f 

enh a nccd shear st ress produced by a nea rby sliding zon e, 

the enha nced shear stress acts as ne\\' refere nce for non-slid

ing; if the bed ca nnot suppo rt thi s enha nced shea r stress, 
then sI id i ng wi 11 occ u r. Th is m a kes it necessar y to introduce 

a thres h o ld II'h ieh detLT mi n es whether a n en hanced shear 

trac ti o n ca n be supported b y th e bed witho ut g iving way to 

sliding. I f not, sli d ing must occur althis pos ition. Wheth e r, 
and to w ha t ex tent. th e shear trac ti on is the n reduced a t the 

onse t o f s I id i ng at this p I ace d e pends on the type of bed a nd 
the co rresponding fri c ti o n la w. Wc can a nti c ipa te th a t thi s 
slip conditi o n, under enh a nced stress in th e t ransition zones 
betwee n initi a ll y sliding a nd non-sliding a reas, is close ly 
re la ted to the tempora l a nd sp a ti a l I'a ri a bi lity o r sliding. 

If th e neighbouring b ed is no t able to support thi s en

hanced shea r trac tion, thc sliding zone Illust ex pand into 
this regio n accompa ni ed b y a stress reduc tio n. The adj acent 
zone with stress en hancem e nt then shifts furth er away. If th e 

bed ca n nowhere suppo rt the stress conce ntra ti ons, (hi s ex

pansio n continues and the ice m ass must d yn a mica ll y desta 

bili zc. These co nsiderati o ns open ques tio ns about th e 
pro paga ti o n and expa nsio n of such sliding a reas a nd the 

conditi o ns necessa ry fo r surge insta bilit y. 
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